H emifacial spasm (HFS) is defined as unintended twitching of one side of the face. It is usually caused by pulsatile vascular compression on the root exit zone of the facial nerve.
that IOM of BAEPs reduces the risk of hearing impairment, no universally recommended protocol or warning criteria have been developed. The American Clinical Neurophysiology Society has recommended a stimulus rate of 5-12 Hz/sec and averaging of 1000-4000 trials or IOM and a 1.0-msec prolongation or > 50% decrease in amplitude of Wave V as the warning criteria to prevent hearing impairment effectively.
1 When we performed IOM of BAEPs using a stimulus rate of 10 Hz and averaging of 1000 trials, it took about 100 sec to obtain BAEPs. Under this protocol, some patients occasionally showed a slight change on the initial Wave V, followed by a significant change in the form of complete loss of the subsequent Wave V; it is the change in the second wave that is associated with hearing impairment (Fig. 1) . Nerve injury can occur within a very short time frame, and the damage can be severe enough to cause irreversible nerve harm. So the above-mentioned protocol may be a limited in its ability to prevent postoperative hearing impairment, because of the relatively long time it takes. To prevent hearing impairment more appropriately, it is very important to obtain BAEPs in as short a time as possible while still obtaining reliable waves.
14 With these constraints in mind, we developed and evaluated a new protocol for IOM of BAEPs.
Methods Preliminary study of the optimal stimulation rate and number of trials averaged
When we performed IOM of BAEPs on 13 HFS patients in 2010, we increased the stimulation rate from 10.1 Hz/sec to 100.1 Hz/sec by 10-Hz increments, and we defined whether wave disintegration happened depending on the simulation rate ( Fig. 2A) . We used the Xltek Protektor (Natus Medical Inc.) for IOM. As the stimulation rate increased, the wave amplitude decreased and wave latency was prolonged compared with when using a rate of 10.1 Hz/sec. On the other hand, when we applied a faster stimulation rate, we obtained BAEPs in a shorter amount of time; however, when the stimulation rate reached 50 Hz or more, the BAEP wave was affected by a surgical artifact. When we used a stimulation rate of 40-50 Hz, we obtained a relatively stable wave and reduced the effect of the surgical artifact. We determined that 43.9 Hz/sec is the ideal stimulation rate for IOM of BAEPs.
Second, to define the optimal number of trials for averaging, we performed IOM of BAEPs for 13 HFS patients while increasing the number of trials averaged from 100 to 1000 by 100-unit increments at a fixed stimulus rate of 43.9 Hz/sec. As shown in Fig. 2B , the waveform fluctuation was observed to be significant when averaging 100, 200, or 300 trials. When the number of trials averaged was over 400, the BAEP waveform became more stable, and then it was possible to obtain a reliable waveform. Furthermore, we determined that a waveform obtained by averaging 400 trials was not significantly different from a waveform obtained after averaging 1000 trials. Thus, we concluded that using a stimulation rate of 43.9 Hz/sec and 400 trials for IOM of BAEPs was the most optimal protocol for obtaining a reliable wave in the shortest period of time.
Preliminary study of Useful warning Criteria During ioM of baePs
When performing IOM of BAEPs, many researchers have empirically used a 1.0-msec prolongation or > 50% decrease in amplitude of Wave V as the warning criteria. 12, 16, 18 However, when we performed BAEP monitoring using a 43.9 Hz/sec stimulation rate and an averaging 400 trials, some patients presented with even a 2-or 3-msec prolongation of Wave V without a concomitant change in amplitude (Fig. 3) . Furthermore, those patients showing only a prolonged latency of Wave V without a decrease in amplitude experienced a recovery of the waveform after the surgical technique was altered or the operation was temporarily stopped. When patients did not recover 1.0 msec or more prolonged latency without a change in the amplitude of Wave V at the end of surgery, they still did not have permanent hearing impairment after surgery. This suggested to us that a Wave V latency prolongation > 1.0 msec was inadequate as a warning criterion, especially when performing IOM of BAEPs using a faster stimulation rate and shorter averaging trials. Thus, we concluded that only an Wave V amplitude loss > 50% was useful as a warning criterion. 
evaluation of the new ioM Protocol for baeP During MvD surgery for hFs
We retrospectively reviewed the medical records of primary HFS patients who underwent MVD surgery with IOM of BAEPs from January to December 2013 at Samsung Medical Center. This study was approved by the Regional Committee for Ethics in Medical Research at Samsung Medical Center. The inclusion criteria for HFS were unilateral facial spasm demonstrated by synkinetic activities and abnormal lateral spread of evoked motor response on electromyography. Patients with secondary HFS were excluded through MRI, and patients with total deafness on the side of the body where the spasm was occurring were also excluded. The MVD surgical procedures have been described in our previous report.
8 MVD was performed by a single neurosurgeon (K.P.). Pure tone audiometry (PTA) and speech discrimination scoring (SDS) were performed in all cases prior to surgery and were repeated within 3-7 days after surgery. The average PTA thresholds for 500, 1000, 2000, and 3000 Hz were calculated. When there was a decrease of more than 15 dB of the postoperative average PTA threshold or a decrease of more than 20% of SDS compared with baseline, we determined that significant hearing impairment had occurred. 14 According to postoperative PTA and SDS, hearing impairment status was categorized as follows: Group 1, none or negligible; Group 2, decrease > 15 dB of PTA with a proportional decrease in SDS; Group 3, poor hearing loss (i.e., not total hearing loss) that is out of proportion with PTA change; and Group 4, deafness. Patients with significant hearing impairment underwent PTA and SDS again within 4 weeks. When a significant audiometric change was observed continuously until the last follow-up, the patient was diagnosed with permanent hearing loss.
IOM of BAEPs was performed with a 2-channel data acquisition system using a personal computer that also controlled all procedures during surgery-from administration of general anesthesia until dural closure. The monitoring equipment was placed in the operating room to enable the neurophysiologist to observe the BAEPs. BAEP stimuli were delivered through transducers that connect to plastic tubing with a sponge collar at the end. Alternating polarity clicks were used as a stimulus mode and stimulus intensity was set to 120 dB (sound pressure level). The contralateral ear was stimulated with white noise at 80 dB. We used subdermal needle electrodes for recording, and the electrodes were inserted at the vertex (Cz) and over the ipsilateral and contralateral earlobes, following the EEG 10-20 international system. The amplifier bandpass was 100 to 1000 Hz. We used a 43.9 Hz/sec stimulation rate and 400 averaged trials and obtained the BAEP within approximately 9.1 seconds. Only a Wave V amplitude loss > 50% was used as a warning criterion. If there was a Wave V amplitude loss > 50%, the surgeon was notified of the changes, and he then halted the operation and checked the surgical field carefully to identify the causes and correct them. If there was only a 1.0-msec prolongation of Wave V without an amplitude loss > 50% of Wave V, we did not notify the surgeon.
To evaluate the value of a Wave V amplitude loss > 50% as a warning criterion for identifying hearing impairment, we categorized patients according to changes in BAEP as follows: Group A, no change; Group B, recovery after decrease < 50%; Group C, recovery after decrease > 50%; and Group D, no recovery after decrease > 50%.
To evaluate the new protocol for IOM of BAEPs, we defined the incidence of postoperative hearing impairment. We then compared the results from patients who underwent the new protocol with those from the patients whose monitoring was conducted using a stimulation rate of 26.9 Hz/sec, 1000-2000 averaged trials, and a latency increase of 1 msec or an amplitude decrease of 50% in Wave V as a warning criterion. 10 The same neurosurgeon (K.P.) performed the MVD surgeries in both groups. Comparisons of the IOM parameters between the 2 study groups are presented in Table 1 .
statistical analysis
Categorical data, including the incidence of postoperative hearing impairment, were analyzed using the chi-square test and continuous data were analyzed with the independent t-test. Results were presented as means or proportions with corresponding 95% confidence intervals. Statistical significance was set at p < 0.05. Statistical analyses were performed using SPSS version 18.0 for Windows (SPSS, Inc.).
results
Between January and December 2013, the new protocol for IOM of BAEPs was used for 254 consecutive HFS patients as part of their planned MVD surgery. Of the 254 patients who underwent the surgery with the new protocol, 182 patients were women (71.6%) and 72 were men (28.4%). The mean age of the patients was 51.93 ± 11.39 years. One hundred thirty-one patients (51.6%) had HFS on the left side, and 123 (48.4%) had HFS on the right side. The mean duration of HFS was 55.51 ± 55.5 months. Demographic data from the patients enrolled in the earlier study are shown in Table 2 . We compared the demographic factors between the study groups and found a significant difference in mean age, disease duration, and distribution of offending vessels.
When we analyzed the incidence of postoperative hearing impairment after receiving the new protocol (Table 3) , we found that no patient had mild (Group 2) or moderate (Group 3) hearing impairment. Only 1 (0.39%) of the 254 patients exhibited total deafness (Group 4). In contrast, in the previous study, hearing impairment was observed in 46 (4.02%) of the 1144 patients included in the study. In particular, deafness occurred in 10 patients (0.87%). When these outcomes between the 2 groups were compared, we found that the incidence of hearing impairment decreased significantly after introduction of the new protocol (0.39% vs 4.02%, p = 0.002). However, we found no significant differences in other complications, including facial palsy, CN VI palsy, or vocal cord palsy (Table 3) .
When we conducted BAEP monitoring using the new protocol, we observed significant changes in Wave V more often than when using the old protocol; thus we communi-cated to the surgeon more frequently to alert him to these changes. In response to these changes, the surgeon always stopped the surgery to perform corrective actions, such as removal of the retractor or repositioning of the Teflon until the Wave V was recovered. Despite obtaining a BAEP in 9.1 seconds, which is a very short time, many changes in the V-wave were observed in IOM of BAEPs (Table 4) . Patients were classified into 4 groups based on the greatest amplitude reduction of Wave V compared with the baseline BAEPs. One hundred eighty-seven patients (73.6%) showed no significant change in BAEPs, and 51 patients (Group B) showed only mild change. Fourteen patients (Group C) had a > 50% decrease in V-wave amplitude but then experienced an improvement in Wave V after the surgeon was alerted to the amplitude drop-off. Only 2 patients (Group D) experienced no recovery after amplitude loss, one of which deteriorated to total deafness.
We also estimated the greatest latency prolongation of Wave V (Table 4 ). The greater the amplitude change of Wave V, the more frequently a latency prolongation was observed. However, even patients in Group B had an average latency prolongation greater than 1.5 msec, while Group D patients had an average prolonged latency of 3.25 msec. Although patients in Groups B and C had more than a 1-msec latency prolongation, none of the prolongations led to hearing impairment.
Discussion
Although hearing impairment after MVD surgery for HFS is not common, it is a serious and significant complication, so prevention is very important. Injury to CN VIII during MVD surgery could occur through several causes: traction during cerebellar retraction, ischemia due to vasospasm during manipulation of the compressive vessel loops, mechanical or thermal trauma during vessel and nerve dissection, or compression by the inserted Teflon pad. 15, 20 Nerve damage due to the above-mentioned causes can occur rapidly and be irreversible; thus, it is important to obtain a reliable BAEP in the shortest time possible to avoid serious hearing impairment. 1 In our preliminary study, we established a reliable BAEP wave within 10 seconds using a stimulation rate of 43.9 Hz/sec and averaging 400 trials. When using Wave V amplitude loss > 50% as a warning criterion, we significantly lowered the incidence of hearing impairment to less than 0.4%. Because there was no significant difference in the incidence of other complications, including facial palsy, CN VI palsy, and vocal cord palsy, we believe that the reduction in the incidence of hearing impairment was the result of our protocol changes, not a learning effect or an observation effect, despite the sequential nature of our study. Also, although significant differences were observed in mean age, disease duration, and distribution of the involved vessels between surgery groups, the effect of these differences on postoperative hearing impairment is probably minimal.
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In a previous study from our group, hearing impairment occurred in 46 patients after MVD surgery (4.02%), even though IOM of BAEPs was performed. 10 In that study, we used a stimulation rate of 26.9 Hz/sec and used 1000-2000 for averaging, so it took 37.1 to 74.3 seconds to obtain BAEPs. However, when using that protocol for IOM of BAEPs, we found that some patients sometimes showed a minor change in the first BAEP, which then led to severe changes, such as wave loss, in the next BAEP, and most patients following that pattern eventually experienced severe hearing impairment.
Therefore, we concluded that our previous protocol for IOM of BAEPs was limited in its ability to prevent CN VIII injury during surgery, so we developed a real-time protocol to monitor for signs of this damage. It is well established that faster stimulation rates can collect a fixed number of averaged trials in a shorter time period, which allows for faster feedback to the surgeon. Furthermore, amplitude is inversely proportional to the stimulation rate and the disintegration of the waveform amplitude begins at a higher stimulation rate. 4 However, with the development of an IOM machine, the disintegration of waveform amplitude that occurred when using a higher stimulation rate improved greatly, and a significant difference in disintegration was not observed when we compared the waveforms obtained at an ~40/sec stimulation rate and the waveforms obtained at a 10 Hz/sec stimulation rate in the preliminary study. Thus, we were able to obtain the BAEPs from a specific number of trials in a much shorter time with a higher stimulation rate.
When we were able to obtain a BAEP within 10 seconds using the 43.9 Hz/sec stimulation rate and averaging 400 trials, we more frequently saw significant changes in Wave V compared with when we monitored using different parameters. These findings suggest that damage to the CN VIII can happen repeatedly in a very short time, so taking longer than 10 seconds to obtain a BAEP will decrease the effectiveness of monitoring to prevent CN VIII damage. During surgeries where we used the new protocol, when we detected a significant change in BAEP, we alerted the neurosurgeon immediately, which allowed the surgeon to remove the retractor or reposition the Teflon; after the surgeon made these adjustments, BAEP loss was usually recovered. Thus, we conclude that obtaining a reliable BAEP in less than 10 seconds is highly effective at preventing damage to the CN VIII during MVD surgery.
Despite the use of IOM of BAEP for over 30 years, warning criteria and stimulation parameters are still arbitrarily selected in many studies. 4, 12 Based somewhat on empirical knowledge, a 1.0-msec prolongation or > 50% decrease in amplitude of Wave V has historically been considered significant and indicative of injury to CN VIII. 4 However, as shown in our results, a 1-msec latency prolongation of Wave V was not associated with postoperative hearing impairment when using the new protocol that could obtain a reliable BAEP in less than 10 seconds. One of 2 patients (Group D) who showed a latency prolongation > 3 msec did not have postoperative hearing impairment. Consistent with our study, many other researchers have reported that latency prolongation does not have an obvious correlation with hearing impairment. Hatayama and Møller concluded that the amplitude of Wave V was a more sensitive predictor of hearing impairment than the latency. 7 They reported that 61% of 18 patients had statistically significant hearing impairment when a > 40% drop in Wave V amplitude occurred. Ramnarayan and Mackenzie also reported that hearing impairment occurred in 25% of 8 patients who experienced a 50% decrease in Wave V amplitude, and that the incidence of hearing impairment increased to 45% of 11 patients when the amplitude decrease was 75%; when amplitude loss was 100%, the incidence rose to 100%. 17 Recently, the Pittsburgh Medical Center reported that a > 50% drop in amplitude, transient loss, and persistent loss of Wave V showed a sensitivity/ specificity of 0.905/0.701, 0.667/0.903, and 0.429/0.870, respectively, and that loss of Wave V during MVD surgery is a specific indicator of postoperative hearing impairment.
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Moreover, James and Husain insisted that only a complete loss of Wave V was associated with hearing impairment, which is quite different from the assumed necessity of a > 50% amplitude drop.
6 Therefore, the use of latency prolongation of Wave V as a warning criterion has many limitations for preventing hearing impairment and could lead to unnecessary prolongation or even alteration of the surgical procedure.
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The usefulness of our new protocol for preventing hearing impairment was evaluated only among HFS patients undergoing MVD surgery, and we therefore do not know whether it has limitations for preventing hearing impairment during MVD surgery for other conditions, such as a cerebellopontine angle (CPA) tumor. James and Husain have already stated that warning criteria must be applied differently depending on the disease, and much smaller changes might be meaningful in CPA tumor surgery. However, we are optimistic that our protocol can prevent postoperative hearing impairment even in CPA cases because of our rapid BAEP establishment time.
Our new protocol for IOM of BAEPs is not intended to represent a definitive guideline for monitoring injury to the CN VIII during MVD surgery among HFS patients. To prevent postoperative hearing impairment from MVD surgery, further research on the protocol for IOM of BAEP will be necessary. 
Conclusions
We were able to obtain a reliable waveform of BAEP in a very short time period (9.1 seconds) using a 43.9 Hz/sec stimulation rate and the averaging time of 400 trials during MVD surgery for HFS patients. When we used a Wave V amplitude loss > 50% as a warning criterion, we were able to reduce the incidence of postoperative hearing impairment to less than 0.4%. We think that obtaining a reliable BAEP in less than 10 seconds is a real-time IOM procedure of BAEP and is very important for preventing damage to the CN VIII during MVD surgery.
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